Abstract: Following the miniaturization of photonic devices and the increase in data rates, the issues of self heating and heat removal in active nanophotonic devices should be considered and studied in more details. In this paper we use the approach of Scanning Thermal Microscopy (SThM) to obtain an image of the temperature field of a silicon micro ring resonator with sub-micron spatial resolution. The temperature rise in the device is a result of self heating which is caused by free carrier absorption in the doped silicon. The temperature is measured locally and directly using a temperature sensitive AFM probe. We show that this local temperature measurement is feasible in the photonic device despite the perturbation that is introduced by the probe. Using the above method we observed a significant self heating of about 10 degrees within the device.
Introduction
With the ever increased density of transistors on a chip and the higher operation rates, the power densities of typical integrated circuits are approaching the value of ~10W/cm 2 [1] , comparable to a light bulb filament. Self heating and heat removal are becoming the limiting factor preventing further improvement in chip scale electronic circuits. Seeking for alternative technologies, on chip optical communication seems to be an attractive choice, giving rise to the field of silicon photonics [2] [3] [4] and very recently also to plasmonic interconnects [5] [6] [7] . However, photonic components, and in particular active components are also not free from self heating. Following the reduction in feature size of active photonic and plasmonic components towards the nanoscale [8] [9] [10] [11] [12] , self-heating in such components may become a significant issue owing to the increasing optical power densities and the significant light absorption in the materials. Therefore, similar to electronics, nanoscale thermal characterization of photonic devices is important for understanding the underlying physics of self heating at the nanoscale, as well as for the development of advance on chip photonic components and circuits. Indeed, being able to directly measure the temperature of integrated photonic devices at the nanoscale may pave the way for developing approaches for controlling heat dissipation, designing thermally stable devices and enable their dense integration on chip.
In recent years, several approaches were developed in order to obtain thermal information with sub-micron spatial resolution [13, 14] , among them Scanning Thermal Microscopy (SThM). SThM is an AFM-based technique which utilizes temperature sensitive probe in order to scan a sample surface and generate a mapping of the temperature field. Different sensing probes were designed and investigated, including thermocouples [15, 16] , thermoresistive [17] and bimorphs [18] . Many of these configurations provide a temperature sensor which is independent of the measured sample, and capable of measuring any combination of dielectric or metallic substances. This property is highly useful for the investigation of photonic and plasmonic devices. Being intensively developed, SThM was shown to obtain temperature profiles with spatial resolution of ~10nm and excellent thermal resolution of ~15mK [19] . Recently it also showed great progress towards accurate quantitative measurement of the local temperature by developing a procedure which removes the effect of the tip heating via the air [20] .
In this paper we use SThM experimental scheme to demonstrate a direct measurement of the temperature distribution of silicon photonic chip using a thermocouple probe. Specifically, we focus on the thermal properties of a doped micro ring resonator, of the same type which has been demonstrated for active photonics applications such as photonic modulators [21, 22] . The temperature mapping of the system is recorded when the ring is at resonance and out of resonance. The results indicate a significant self heating which must be taken into account. Furthermore, the important question of the perturbation of the tip influencing the measured results is addressed. As will shown, naïvely neglecting this effect in systems operating at resonance is far from being sufficient. 
Experiments
To demonstrate a nanophotonic device self-heating we have constructed the experimental setup depicted in Fig. 1 . A TE polarized light derived from a tunable laser (Agilent 81680A) operating around 1550nm wavelength was coupled into the tapered ends of the chip waveguides using polarization maintaining lensed fibers. The device was not optimized for minimal insertion loss (estimated loss is about 15dB per facet). The laser signal was amplified using erbium doped fiber amplifier (EDFA, RED-C) and the output light was detected by an InGaAs photodetector (HP 81634B). As mentioned before, our device of choice was a Micro Ring Resonator (MRR) with a single bus waveguide coupled to the ring. The ring radius is 6μm and the gap in the coupling region is 200nm.The device was fabricated on a silicon-oninsulator substrate with 2μm oxide layer below separating between the waveguide structure and the silicon substrate. The waveguides width was set to 450nm and their height was 250nm including a 20nm silicon rib as shown schematically in Fig. 2(c) . In Fig. 2(a) a Scanning Electron Micrograph (SEM) of the fabricated microring is shown. The temperature measurement was done using thermocouple probes purchased from Nanonics and mounted on a Nanonics MultiView-4000 head. The probes consist of a Pt wire running through a metalcoated glass nano-pipette and slightly protruding over its edge. The external Au coating extends over the Pt wire, forming the thermocouple junction between the two metals. Typical tip diameter at the apex is 150-300nm. The thermocouple probe was connected to the control system through a low-noise trans impedance amplifier (FEMTO DLPCA-200). 
Results and discussion
First, the transmission spectrum of the device was measured by scanning the tunable laser and collecting the data in the detector. The results in Figs. 2(b) and 2(d) show nice resonance dips with quality factor and finesse of Q11000 and F110, respectively.
Next, we turn into measuring the effect of self heating. The structure is Boron-doped with concentration level of N = 5·10 17 atoms/cm 3 , which is comparable to typical doping concentrations of active silicon photonic devices [22] [23] [24] [25] [26] . For such doping concentration, the self heating of the device is originated primarily from free carrier absorption (FCA). When 1550nm wavelength light is propagating in the waveguide, a portion of it is absorbed and dissipated as heat. The absorption coefficient was calculated using Soref empirical formula [27] α FC = (8.5·N e + 6.0·N h )·10
18 to be 3cm 1 . The effect of self heating is enhanced when the wavelength of light is tuned to one of the resonant wavelengths of the MRR due to the intensity buildup inside the resonator. The intensity buildup inside the resonator was calculated to be I Ring = 50·I in [28] and the power loss to heat is P Heat = 0.01·P Light , where P Light is the optical power inside the resonator.
To observe the effect of self heating, the laser wavelength was tuned to one of the MRR resonances. A thermocouple tip (200 nm in diameter) was placed in close proximity to the structure and a raster scan was executed. As a control experiment we repeated this measurement when the wavelength was detuned to 3nm away from the MRR resonance and also when the laser was turned off. The results are shown in Figs. 3(a)-3(f). It is apparent from Fig. 3 (a) that when the laser is tuned to the MRR resonance there is a substantial rise in the thermal signal within the ring. Interestingly, maximum signal is obtained around the edges of the MRR waveguide. This is shown very clearly by taking a cross section across the waveguide of the MRR in Fig. 3(d) . The reason for this interesting finding is related to the perturbation of the tip, as explained in more details in one of the subsequent sections. When the wavelength is tuned to be out of resonance, see Fig. 3(b) , the rise in thermal signal is only marginal (shown by the corresponding cross section in Fig. 3(d) ). The slight increase may be explained by the small on-resonance contribution of the amplified spontaneous emission (ASE) coming from the EDFA. This can be eliminated by the use of a band pass filter. In addition, we extracted from Figs. 3(a) and 3(b) cross sections of the thermal signal along the bus waveguide as shown in Fig. 3(e) . The result indicates that the temperature along the waveguide is approximately flat in case that the system is out of resonance. In case that the system is in resonance, the thermal signal undergoes a sudden drop at the coupling region and then stabilizes at a lower level. This is because the light is coupled into the ring and experiences a significant loss, such that only a small portion of the input signal is coupled back into the waveguide. A dark measurement (without the presence of an optical signal) serves as a control measurement, indicating that the electronic cross-talk in the system (cross talk between the error channel of the AFM and the signal channel) is small, as presented in Fig. 3(c) .
Finally, we repeated the experiment with a similar un-doped device as shown in Fig. 3(f) . For that purpose we selected a silicon MRR with identical geometrical dimensions and with very similar parameters (Q14000, F140). In this device we expect the losses to arise mostly as a result of scattering from bends and defects in the structure, with very little absorption. Thus heat generation is expected to be small. Thermal scans were executed with identical scan parameters and with similar optical intensity propagating in the waveguide, when the system was kept in-resonance and out-of-resonance. As expected, no traces of temperature rise were observed near the ring or over the bus waveguide in neither of the cases within the precision limits of our system. Next, we measured the temperature rise in the doped device while gradually increasing the input optical power. In Figs. 4(a)-4(c) we present thermal scans of doped MRR with increasing input optical power. In Fig. 4(d) we show that the temperature rise in the MRR is linear with the input power. This behavior is in agreement with the linear absorption mechanism resulting from FCA in the doped sample. The previous results indicate a clear self heating effect in the doped silicon sample. While the effect is clearly there, one needs to quantify the amount of temperature rise in order to be able to evaluate the effect of self heating on the performance of active silicon photonic devices. In the coming section we evaluate the effect of self heating in more details, taking into account effect of tip perturbation and also tip response to temperature rise in nanometric structures.
Naively, one may expect that the system remains in steady state during the scan. Therefore, one would expect a step-like temperature profile across the MRR waveguide. This expectation is practically contradicted by the sharp rise pattern near the edges of the MRR waveguide. The observed pattern can be explained using an optical transmission measurement taken at the through port of the MRR simultaneously with the thermal measurement. . This result clearly shows that for a case where the wavelength is tuned to one of the MRR resonances, the transmission signal increases as tip approaches the MRR waveguide. i.e. the tip perturbs the optical signal. The effect of tip perturbation is well known and investigated and was already studied in the context of near-field photonic measurements [29] . The perturbation of the metal-coated tip is two-fold: first, it introduces high losses and therefore, the MRR is no longer around critical coupling condition. Second, the presence of the tip shifts the resonance wavelength of the MRR which is no longer matched to the wavelength of the laser. These two effects result in higher transmission through the bus waveguide. In fact, the effect is so strong such that the transmission value when the tip is located over the center of the MRR waveguide is very close to the transmission value in outof-resonance state. The cross section of the thermal signal in Fig. 5(d) suggests that when the tip is placed at the center of the MRR waveguide, the MRR is no longer hot, probably because there is no longer resonant enhancement effect. In fact, there is an optimal distance between the tip and the MRR waveguide, for which the tip senses the temperature rise in the device while minimally affecting its performance. This is the reason for observing two spikes at the edges of the waveguide rather than a flat temperature profile. The perturbation of the tip to the resonance is apparent from the change in optical transmission which closely follows the topography profile. The decrease in temperature is inversely correlated to the perturbation of the tip.
After gaining better understanding with regard to the two lobe thermal profile, we next turn into estimating the value of temperature rise. To do so, the measurement must be calibrated against a sample at known temperature. Previous works which thoroughly investigated thermocouple-based SThM measurement schemes indicated that close to room temperature, where conduction is the predominant heat transfer mechanism there exists a linear relation between the measured temperature rise and the real temperature rise in the sample [13, 15, 20] . At higher temperatures, radiative transfer between the sample and the tip can become a significant mechanism as recently shown by Lipson et al [30] . The temperature differences discussed in this paper are on the scale of up to 10 degrees, and thus we do not take the mechanism of radiation into account. The proportion coefficient between the measured and the actual temperature theoretically depends on the thermal resistance values of the different components of the system's thermal circuit. However, it was also shown [15] that this coefficient does change in a non-linear fashion as the measured feature size decreases. Therefore, the calibration coefficient for our measurement (f Calibration , representing the system temperature response for a certain feature size) may be extracted from a measurement of a controlled sample with similar characteristic width. For this purpose we used a set of thin film Au resistors in different widths. The resistors were joule-heated to a set of known temperatures, previously determined using a 4-probe resistivity measurements combined with temperature coefficient of resistance (TCR) measurement. The temperature of the resistors was then measured using an identical scan setup and was compared to the real temperature. The calibration coefficient for a feature with 450nm width was found to be 0.22 ± 0.02. The calibration coefficients ranged between 0.16 and 0.4 for width values range of 400nm-1000nm respectively. The calibration relation was therefore: ΔT Meausred = f Calibration ·ΔT Real . The measured voltage was translated to temperature using ΔV Junction = S PtAu ·ΔT Meausred and the parameters of the accompanied electric circuit ΔV Measured = G·ΔV Junction / R where G and R are the amplification factor of the low-noise amplifier and the junction resistance, respectively. Due to the relatively large dimensions of the thermocouple junction, we assume size effects to be negligible in our case and thus we use the bulk value for the junction thermopower S Pt-Au = 6.5μV/K [31] . Figure 6 (a) shows a 1D cross section of the temperature rise over the ring waveguide for Fig. 6(b) . The measurement results are shown before and after calibration (dashed black line and solid blue line, respectively). The maximal and average temperature difference along the ring edges after calibration was found to be 9.8K and 3.3 ± 0.4K respectively. The average temperature difference was obtained using averaging the thermal signal over the circumference of the inner and outer edges of the ring. Figure 6 (a) also presents simulation results for the given conditions. The temperature distribution Fig. 6 (c) and the optical power Fig. 6(d) in the ring was simulated using finite element method software (COMSOL). First, we calculated the temperature distribution in a cross section of the ring waveguide for a constant optical intensity inside the ring (dashed red line). Then, we used the optical transmission measurement in order to extract the loss which is introduced by the tip at each position. This enabled us to calculate the buildup factor, and thus the optical power in the ring, as a function of the tip position along the cross section. This results with two spikes temperature profile (solid red line) similar to the profile observed by the measurement. While this approach shows encouraging results qualitatively predicting the tip effect on the temperature profile, further investigation of the thermal properties of the system is needed in order to develop a model which is capable of supplying accurate quantitative predictions. The analysis of our result clearly shows that a significant temperature rise occur in the MRR. With only 2mW of light propagating in the waveguide, a temperature rise of up to 10°C was observed. Given the thermo optic coefficient of silicon (1.
, and mode confinement of ~0.8, this temperature rise correspond to a shift in the wavelength of resonance of about 0.05%, i.e. ~0.8 nm. Obviously, such a large shift poses a stringent limitation on the applicability of nanoscale devices such as MRRs as active silicon photonic components such as modulators. The same order of shift in resonance wavelength was previously observed in active modulator device based on MRR with slightly different geometrical and doping parameters [33] . Different ways to compensate for the shift in resonance wavelength due to the effect of thermal heating were recently proposed and demonstrated, e.g. an active heat control by using thermal heaters [34] , engineering the thermal resistance of MRR devices [33, 35] and by using a multiple cavity coupled devices [36] . Nevertheless, further design effort is needed in order to reduce the effect of thermal heating. Specifically, the effect of thermal heating can be suppressed by using a thicker rib section. Given the excellent thermal conductivity of silicon, this rib section can be used for the purpose of heat removal.
Conclusion
Following the shrinkage in feature size of advanced nanophotonics devices, self-heating in photonic components is becoming a troublesome issue owing to the increasing optical power densities and the significant light absorption in the materials. Therefore, similar to electronics, nanoscale thermal characterization of photonic devices is important for understanding the underlying physics of self heating at the nanoscale as well as for the development of advance on chip photonic components and circuits. In this paper we demonstrated a direct measurement of self heating in a doped-silicon MRR, using thermocouple-based SThM scheme. The measurements present clear evidence of temperature rise following linear absorption in the MRR. The amount of temperature rise was evaluated using a separate calibration process, and it was found to be in reasonable agreement with the value predicted by the simulation. Taking into account the perturbation of the tip and performing a size dependent calibration process, we estimate the temperature rise to be in the order of 10°C for power levels of 2mW in the waveguide. Such a significant heating may jeopardize the role of miniaturized devices such as microring resonators in becoming a building block in active silicon photonic components. Clearly, future designs of such devices should optimize not only the optical and electrical properties of such devices, but also the aspect of efficient heat removal. Finally, while the SThM approach allows for direct thermal measurement with submicron resolution, there is a need to account for the effect of tip perturbation and also to perform calibration process which depends both on the probe and the sample dimensions, limiting the accuracy of the approach. Future effort should be devoted into developing automated pre-measurement procedures which take these effects into account.
